The objective of this study was to illustrate the phylogenetic relationship of the species in the genus Craspedacusta in China. The medusae samples were collected at 28 localities in China representing seven described species with their entire ITS region (the contiguous sequences of ITS-1, 5.8S and ITS-2 rDNA) rDNA sequences cloned. Among the 28 samples, the range of sequence variation in the complete ITS and 5.8S region was between 0 and 36.2%. Three main clades were revealed by both maximum likelihood and neighbour-joining trees, with sequence difference of 0 -0.9, 0 -3.7 and 0
should be recognized as independent species, and that the genus Craspedacusta should contain a total of 11 separate species, there have been disputes over the identity of species in the genus (Kramp, 1951; Bouillon and Boero, 2000; Jankowski, 2001) .
The available literature on freshwater medusae includes morphological description, geographical distribution, life cycle and ecology (e.g. Dumont, 1994; Spadinger and Maier, 1999; Bouillon and Boero, 2000; Boothroyd et al., 2002; Bouillon et al., 2006) , but there has been no report on the phylogenetic relationship among the described species and/or sub-species of Craspedacusta. The internal transcribed spacer of ribosomal DNA (ITS rDNA) has been employed successfully for distinguishing species and determining phylogenetic relationship at and below the species level in some other cnidarians (Beauchamp and Powers, 1996; Chen et al., 1996; Odorico and Miller, 1997a; Van Oppen et al., 2000) . Thus, the objective of the present study was to provide molecular evidence for the identity, and to illustrate the phylogenetic relationship of the species of Craspedacusta occurring in China by comparing nucleotide sequences of the entire ITS region.
M E T H O D Collection of medusae and isolation of DNA
The localities where samples were collected are indicated in Table I . Medusae of Craspedacusta were identified following Jankowski (Jankowski, 2001 ) and He (He, 2003) . Individual medusae were washed in doubledistilled water before being stored in 90% ethanol. Samples were then soaked for 1 day in TE buffer ( pH 8.0) to remove ethanol before the isolation of DNA. Genomic DNA was extracted using a standard SDS-proteinase K procedure described by Sambrook et al. (Sambrook et al., 1989) .
Cloning of the complete ITS rDNA sequence PCR primers used to generate a fragment spanning ITS-1, 5.8S and ITS-2 were BD1 (5 0 -GTC GTA ACA AGG TTT CCG TA-3 0 ) and BD2 (5 0 -TAT GCT TAA (G/A)TT CAG CGG GT-3 0 ), as described by Luton et al. (Luton et al., 1992) . PCR was performed in a 100 mL volume containing the following components: 100 ng DNA template, 0.25 mM each of the two 
Sequence alignment and phylogenetic analysis
Sequences were aligned using Clustal X (1.8) with default gap and weighing values (Thompson et al., 1997) . Boundaries of coding and spacer regions were deduced by making comparisons with previously published ITS sequences of the cnidarians Distichopora sp.
(Hydrozoa) and Acropora spp. (Scleractinia) (Odorico and Miller, 1997a, b) . Base composition data were generated using MEGA version 2.1 (Kumar et al., 2001) .
As the ITS-1 and ITS-2 sequences represent separate regions in the rDNA sequence and may evolve independently at different rates, the sequence data were first analyzed separately to infer the phylogenetic relationship. Then, the ITS-1, 5.8S and ITS-2 sequence data were combined to maximize the number of characters, and phylogenetic analyses were performed using the maximum likelihood (ML) and neighbor-joining (NJ) phylogenetic methods, to verify whether alternative topologies supported each other. The ML tree was constructed using the program DNAML in PHYLIP (Felsenstein, 1991) , with the effect of default option. A bootstrap with 100 replicates was performed using the program SEQBOOT of PHYLIP to evaluate the significance of clades. A consensus tree was computed from the 100 inferred trees using CONSENSE in PHYLIP. NJ tree was constructed using the NEIGHBOR program in PHYLIP, based on the distance matrix of sequence divergences calculated on a bootstrapped data set (100 replicates; SEQBOOT). The DNADIST program in PHYLIP was applied to perform pairwise distances, which were corrected using the Kimura twoparameter model with 0.5 gamma distributed rates. The transition/transversion ratio of 2 and global swapping options were used. A consensus tree was computed from the 100 inferred trees. In all cases, Distichopora sp. was chosen as the outgroup.
R E S U LT S Characteristics of ITS region sequences
The ITS-1 and ITS-2 sequences, including 44 bp 18S 3 0 end, 161 bp 5.8S and 44 bp 28S 5 0 end, of medusae samples collected from 28 water bodies in China (Table I) , were determined. For three conspecific individuals from the same sampling locality, there were essentially the same sequence types. Nucleotide sequences reported in this paper are available in the GenBank database under the accession number: AY513614 -AY513637 and AY730675 -AY730678 (Table I) .
Overall, the length of the ITS-1 and ITS-2 sequences ranged from 235 to 251 bp and 271 to 304 bp, and the G þ C content from 48.0 to 50.5% and 46.8 to 54.8%, respectively. The complete alignment consisted of 806 characters, of which 225 were variable (447 including gaps) and 212 were potentially phylogenetically informative within the ingroup. Variations in sequences were observed: the ITS-1 region varied between 0 and 47.7% among all 28 sequences, whereas the ITS-2 region between 0 and 41.2% (data not shown). The range of variation in the complete ITS region was between 0 and 36.2% (Table II) . However, the 5.8S rDNA sequences were almost identical in all specimens examined.
A high level of similarity in the ITS sequence was observed between C. sowerbii and C. xinyangensis, C. brevinema and C. sinensis, and C. kiatingi and C. sichuanensis, respectively, with sequence divergences of 0 -0.9, 0.1-1.4 and 0 -0.4%, whereas intraspecific variation of C. sowerbii, C. sinensis and C. kiatingi was 0 -0.6, 0.3 -1.5 and 0 -0.4%, respectively (Table II) . Similarity between C. ziguiensis and C. kiatingi was also high but not as strong (sequence divergence of 3.2-3.7%; Table II) .
Phylogenetic analyses
Phylogenetic analyses of the entire ITS region with Distichopora sp. (GenBank Accession No. U65483) as the outgroup by ML and NJ methods produced two similar topological trees. Both ML (Fig. 1) and NJ (Fig. 2) trees strongly supported the existence of three main clades, the first comprising C. sowerbii and C. xinyangensis, the second C. kiatingi, C. sichuanensis and C. ziguiensis and the third C. sinensis and C. brevinema. Bootstrap values for the three branches were 100% except for the second branch in the ML tree, which was 98% (Fig. 1) . In the second clade, C. ziguiensis appeared as the sister taxon to other representatives of this clade (75% in ML tree and 100% in NJ tree). Moreover, the first and the second Numbers represent percentage nucleotide differences. br, ki, sic, sin, so, xi and zi represent the described Craspedacusta species, i.e. C. brevinema, C. kiatingi, C. sichuanensis, C. sinensis, C. sowerbii, C. xinyangensis and C. ziguiensis, respectively. Upper case letters (e.g. YK) denote samples (see Table I ).
clades formed a large, well-supported branch (93% in ML tree and 100% in NJ tree) as a sister group of the third clade. The differences between the topology of ML and NJ trees lay in the location of particular medusae within a given clade. In general, bootstrap values for the NJ tree showed slightly stronger support for nodes than those in the ML tree. Phylogenetic trees based on either ITS-1 or ITS-2 (data not shown) were similar in overall topology to those based on the whole ITS region sequence, but the latter produced higher resolution.
D I S C U S S I O N
It has been hypothesized that species in the genus Craspedacusta may have originated in China and therefore it was expected that several species might exist Fig. 1 . The maximum-likelihood tree of medusae for seven described Craspedacusta species based on the complete ITS region sequence. Bootstrap values less than 50% for 100 replicates are not shown. Distichopora sp. was used as the outgroup.
there (Kramp, 1951) . The present study is the first using DNA technology to confirm that there are indeed more than one species in China, in contrast to other continents where only C. sowerbii occurs. In our phylogenetic analysis, the nesting of C. xinyangensis He, 1980 within C. sowerbii Lankester, 1880, C. brevinema He and Xu, 2002 within C. sinensis Gaw and Kung, 1939 and C. sichuanensis He and Kou, 1984 within C. kiatingi Gaw and Kung, 1939 is strongly supported (Figs 1 and 2) . For all versions of the phylogenetic species concept, monophyly is a critical condition for delimiting species boundaries. The concept of monophyly states that (i) a taxon must comprise an ancestor and all of its descendants and (ii) all members should be more closely related to one another than to any entity outside the taxon (Graybeal, 1995) . Therefore, this observation and Fig. 2 . The neighbour-joining tree of medusae for seven described Craspedacusta species based on the complete ITS region sequence. Bootstrap values less than 50% for 100 replicates are not shown. Distichopora sp. was used as the outgroup. the lower divergence of ITS rDNA sequence between C. xinyangensis and C. sowerbii, C. brevinema and C. sinensis, and C. sichuanensis and C. kiatingi do not support that C. xinyangensis and C. sowerbii, C. brevinema and C. sinensis, and C. sichuanensis and C. kiatingi are separate species, respectively. By the rule of priority, it is proposed that C. xinyangensis should be the synonym of C. sowerbii, C. brevinema the synonym of C. sinensis and C. sichuanensis the synonym of C. kiatingi.
In a 1997 study of the ITS region sequences of closely related species in the genus Acropora (Cnidaria: Scleractinia), up to 23% sequence divergence across taxa permitted distinction between closely related species (Odorico and Miller, 1997a) . Similarly, our results show that high levels of sequence divergences of ITS regions between the above three species were present (up to 14.4-35.2% overall pairwise sequence divergence). On the other hand, C. ziguiensis appears as the sister taxon to C. kiatingi, and the sister relationship was well supported in ML and NJ trees. However, 3.2-3.7% sequence divergences of ITS regions between C. ziguiensis and C. kiatingi were far lower than the above-mentioned. Thus, the taxonomic status of C. ziguiensis is still uncertain before a conclusion can be reach by additional genetic study. Only minor intraspecific differences in the ITS sequences were detected across wide geographic ranges in tropical corallimorphs (Chen et al., 1996) . In the present study, a low percentage of intraspecific variation in the ITS region sequence was determined in freshwater medusae in China (all ,2%).
Jankowski (Jankowski, 2001 ) concluded there were three species, C. sowerbii, C. iseanum and C. sinensis and two species, C. sichuanensis and C. ziguiensis with unclear status in the genus Craspedacusta. Our study supports the view that C. sowerbii and C. sinensis are valid species. However, C. kiatingi, which incorporates C. sichuanensis, is also confirmed to be a valid species, as revealed by the phylogenetic analysis and the ITS rDNA sequence divergence with C. sowerbii and C. sinensis. Of the 11 species of Craspedacusta listed by He (He, 2003) , C. kawaii Oka, 1907 , C. hangzhouensis He, 1980 , C. chuxiongensis He et al., 2000 and C. iseanum Oka and Hara, 1922 which has been recorded only once in Japan, were not included in the present study, but C. kawaii and C. chuxiongensis were considered to be synonymous with C. sowerbii (Bouillon and Boero, 2000; Jankowski, 2001) . The specimen of C. hangzhouensis was collected in 1959 from a pond near West Lake in Hangzhou city and initially considered to be a subspecies of C. sowerbii (He, 1980) after about 20-year fixation in formalin. In the present study, C. sowerbii was collected in several localities close to Hangzhou city, and no specimens with the characteristics of C. hangzhouensis described by He (He, 1980) were found. According to the tree topology, C. kiatingi was closer to C. sowerbii than to C. sinensis. Craspedacusta sinensis was the most genetically distinct from distance matrix values, and located at the base of the phylogenetic trees, so it can be speculated that the C. sinensis may be the ancestral form in the genus Craspedacusta.
Our data sets obtained from ITS sequences are mostly inconsistent with the morphological analysis by He (He, 2003) , who described and identified species in the genus Craspedacusta mainly on the basis of the number of tentacles and tentacle orders, the number and the shape of statocysts, the shape and the color of gonads and patterns of nematocyst warts. However, the arrangement of nematocyst warts may vary among tentacles, individuals or populations (Kramp, 1951; Bouillon and Boero, 2000; Jankowski, 2001) . Also, the shape and the color of gonads and the shape of statocysts of C. sowerbii, C. sinensis and C. kiatingi vary among individuals or populations on the basis of our observation. Presumably, these nominal species were differentiated based on morphological characters, but our work at the molecular level, which is really helpful for our understanding of morphological variation within species of Craspedacusta, suggests instead that these character differences actually vary intraspecifically. Thus, we suggested that the shape of the gonads and the statocysts relative to taxa in the genus Craspedacusta should be re-assessed with caution.
The occurrence of the freshwater medusae has mostly been documented in areas connected with the Yangtze River system (e.g. Oka, 1907; Gaw and Kung, 1939; Kramp, 1951; He and Xu, 1985) . In the present study, the medusae of C. kiatingi, which is one of the two earliest Craspedacusta species, found in upper reaches of the Yangtze River in China (Gaw and Kung, 1939) , were also collected from a reservoir in Beijing, which is not connected with the Yangtze River system. It is likely that man-made introduction, and even aerial dispersal ( perhaps ornithochory) as suggested by Dumont (Dumont, 1994) , and thereafter colonization of new localities may have caused the spreading of freshwater medusae in China, as fish and other aquatic organisms are frequently transported in China. Species of Craspedacusta may be much more widespread than collection records indicate, as the polyp may be the dominant life stage (De Vries, 1992) , and is rarely detected because of its tiny size and inconspicuous nature. However, it is not known whether species of Craspedacusta are also distributed in other river systems in China, such as the Yellow and Amur Rivers.
Further studies should be carried out to examine more medusae populations in China and to include those from other continents in order to clarify the species composition of Craspedacusta, their relationships and possible divergence within the widespread species C. sowerbii.
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